The influence of a menthol and ethanol soaked garment on human temperature regulation and perception during exercise and rest in warm, humid c o n d i t i o n s , Journal of Thermal Biology, http://dx.doi.org/10. 1016/j.jtherbio.2016.04.009 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting galley proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 30-minutes of low intensity stepping at a rate of 12 steps/minute on a 22.5cm box, followed by 15-minutes of seated rest. Measurements included heart rate (HR), Tre, Tsk (chest/back/forearm), thermal imaging (back/chest), thermal sensation (TS), TC and RPE. Data were reported every fifth minute as they changed from baseline and the area under the curves were compared by condition using one-way repeated measures ANOVA, with an alpha level of 0.05. RESULTS: Tre differed by condition, with the largest heat storage response observed in M/E (p<0.05). Skin temperature at the chest/back/forearm, and thermal imaging of the chest all differed by condition, with the greatest rate of heat loss observed in W and M/E respectively (p<0.01). Thermal sensation differed by condition, with the coolest sensations observed in M/E (p<0.001). No other differences were observed. CONCLUSIONS: Both M/E and W enhanced evaporative cooling compared CON, but M/E causes cooler sensations and a heat storage response, both of which are likely mediated by menthol.
Introduction
In warm, humid conditions, the thermal gradient between the skin and environment is reduced, along with the capacity for both dry and evaporative heat loss. These factors, along with an elevation in metabolic heat production from exercise, have long been known to reduce work capacity (Rowell et al., 1966) . Thermoreceptors located within the body convey information about the accumulation of thermal energy to higher brain structures, and when mean body temperature rises uncontrollably, the cumulative neuronal input is thought to contribute to an inhibitory signal that lowers power output to protect the organism from heat injury (Nybo, 2010) . Lessening the inhibitory signal during exercise in the heat may enhance, or help to maintain work. Given the inhibitory signal seems to be accentuated by warm thermoreceptor activation (Tucker et al., 2006; Schlader et al., 2011a Schlader et al., , 2011b , it might be attenuated by the cold receptor activation that follows chemical or thermal stimulation. The purpose of this study was to assess whether donning a garment saturated with menthol and ethanol (M/E) can improve evaporative cooling and thermal perceptions versus water (W) or nothing (CON) during low intensity exercise and rest in warm, humid conditions that may be encountered in a recreational or occupational setting.
There is a broad literature assessing the effectiveness of various cooling interventions (ice vests, water immersion) during exercise in the heat, many of which are impractical during an actual sporting or working scenario (Barwood et al., 2009; Cheung, 2010a; Duffield, 2008) . Wetting the skin with water is a simple cooling strategy that can enhance evaporative heat loss and lower skin temperature during exercise in warm, humid conditions (Bassett et al., 1987) , and it may also reduce perceptions of heat stress and the requirement for sweat production. In an effort to enhance evaporative heat loss and lessen warm sensations in the heat, some commercial companies have added menthol and ethanol to their water-based skin cooling products. Menthol is a chemical compound that activates the cold receptor TRPM8 (McKemy et al., 2002; Peier et al., 2002) and elicits cool sensations when applied to the skin of heat stressed humans (Barwood et al., 2012; 2014; Gillis et al., 2010; Lee et al., 2012) . But menthol also induces a heat storage response that is in part mediated by a reduction in cutaneous skin blood flow (Gillis et al., 2015) and possibly a withdrawal of sudomotor function i.e. a delay in the onset of sweating, or a reduction in sweat rate. (Kounalakis et al., 2010) . Ethanol, on the other hand is an alcohol that vaporises more quickly than water or sweat, and has the potential to increase the rate of evaporative heat loss from the skin (Godts et al., 2005) .
The benefit of wetting the skin with a water-based solution containing ethanol and/or menthol compared to water alone, or nothing at all, is not clear. Mujika et al., (2010) provided highly trained rowers with forearm sweatbands soaked in either a cooling solution containing ethanol, menthol and water, or water alone (no Control condition), during an indoor 2000 m self-paced time trial. The authors observed no significant difference in perceived exertion, time to finish, or pacing strategy between the interventions. The evaporative cooling capacity of this intervention was perhaps limited because the surface area exposed to the solution was small (forearms only) and the sweat bands created an additional barrier to evaporative heat loss between the skin and the environment. Also, the possible negative influence of the ethanol/menthol solution on thermoregulation could not be assessed because the self-paced study design did not control for metabolic heat production. The question raised herein could be answered by applying an ethanol/menthol solution over a larger surface area to allow for greater heat exchange. Replacing the cotton sweat band with a lightweight breathable fabric garment may also improve the vapour pressure gradient between the skin and the air and increase evaporative heat loss. The thermoregulatory and perceptual influence of this intervention should be assessed during fixed work-rate exercise to control metabolic heat production. Given the dearth of research assessing the influence of an ethanol and menthol-based solution in humans, initial research should induce a light to moderate cardiovascular and thermoregulatory challenge to ensure participant safety.
In addition to the evaporative cooling potential attributed to ethanol, menthol, which is also contained within some cooling solutions, 'elicits cold sensations at otherwise indifferent skin temperatures' (Hensel 1981, p.32) , but also give rise to heat storage due in part to a reduction in skin blood flow (Gillis et al., 2015) and possibly a withdrawal of sudomotor function (Kounalakis et al., 2010) . It is difficult to predict whether the theoretical improvement in evaporative cooling imparted by ethanol will outweigh the potential heat storage induced by menthol, and whether thermal perception will improve, or be impaired as a result. It remains unclear whether wetting the skin with a menthol/ethanol/water-based cooling solution absorbed into breathable garments may provide effective short and long term improvements in evaporative cooling and thermal perceptions.
The primary aim of this study was to assess whether donning a shirt soaked with a water-based solution containing menthol and ethanol could improve evaporative cooling and thermal perceptions compared to a water-only soaked shirt, or nothing at all, during rest and exercise in a warm, humid environment. It was hypothesised that there would be no difference (null hypothesis) in deep body temperature, thermal comfort and rating of perceived exertion between the menthol/ethanol skin wetting (M/E), water skin wetting (W), and a dry condition (CON) during rest or exercise, but participants would feel cooler in M/E compared to either W or CON (alternative hypothesis).
Methods

Participants
This experiment received ethical approval from the BioSciences Research Ethics Committee at the University of Portsmouth. Six volunteer participants took part in this within-participant repeatedmeasures study design, with a mean (SD) age, mass and height of 22 (4) years, 72.4 (7.4) kg and 173.6 (3.7) cm respectively.
Experimental protocol
Participants completed three, 60-minute tests in warm, humid conditions (30 °C, 70 % rh). In order to safely assess the effectiveness of the ethanol/menthol solution in humans, a light to moderate cardiorespiratory and thermoregulatory challenge was chosen. Such activity may be comparable to that undertaken by recreational gym users, or those undertaking walking/hiking exercise for extended periods in warm, humid conditions. From an occupational perspective those working underground (i.e. mining) may also be exposed to warm conditions whilst completing moderate exercise for the duration of a shift. Each test began with 15-minutes of seated rest followed by a 30-minute period when participants engaged in low intensity stepping exercise at a rate of 12 steps per minute onto a 22.5 cm box, and ending with another 15-minutes of seated rest.
During each test participants were assigned in a balanced order to one of three different conditions consisting of long sleeve sports shirts (breathable 100 % polyester) soaked with either 80 mL of 0.2 % menthol + 20 % ethanol (M/E), 80 mL of water alone (W) or an un-soaked dry shirt serving as a Control (CON); otherwise participants wore shorts and trainers.
Measurements
Participants arrived at the laboratory, were weighed naked and equipped with a heart rate (HR) monitor (Team System Polar, UK). They then self-inserted a calibrated rectal thermistor (Grant Instruments, Cambridge Ltd., Royston, UK) 15 cm beyond their anal sphincter. Three calibrated skin thermistors (Grant Instruments, Cambridge, UK) were secured by single pieces of adhesive tape (Tegaderm TM Film, 3M, UK) at the right chest, left scapula and right forearm. An estimation of upper body mean skin temperature was obtained using a thermographic camera, which captured images of the back and upper torso/chest. The thermal imaging camera (A320 series, ThermaCAM™, FLIR systems, Kent, UK) captured images of shirtless participants in the infra-red spectral range of 7.5 μm to 13 μm, with a temperature range from minus 20 °C to 120 °C and an accuracy of 2 %. At 25 °C the camera had a sensitivity of 0.07 °C, and a focal plane array containing 320 x 240 pixels. Thermal images were analysed using proprietary software (Researcher 2.9, FLIR systems, Kent, UK), which allowed the user to select a region of interest i.e. chest/front torso (from the nipple line to the umbilicus), or back (from the shoulders to the height of the umbilicus), and obtain a mean surface temperature from that region. Skin and rectal temperatures were recorded on an electronic data logger (Squirrel 1000/1250 series, Grant Instruments, Cambridge, Ltd., Royston, UK) each minute during testing. Environmental wet-bulb globe temperature was measured and recorded every minute throughout the experiment (Grant Instruments, Cambridge, UK).
Laminated paper scales for thermal sensation (TS) and thermal comfort (TC) (Zhang, 2003) , rating of perceived exertion (RPE, Borg, 1982) were held in front of participants at minute 3, 13, 25, 35, 45 and 55 throughout the test to establish the perceptual responses.
Description the water and menthol/ethanol solutions
The ethanol/menthol solution was a proprietary blend made by Physicool Ltd™ (London, U.K.) and was composed of 0.2 % (16.8 mg) menthol, 20 % (16 mL) ethanol, combined with 64 mL of water; as menthol is not soluble in water, the ethanol suspended the menthol in solution. When applied on the upper body (excluding the hands, head and neck), which represents approximately 55 % of the total surface area (Yu et al., 2010) , this equated to 1.68 mg of menthol per 100 cm 2 surface area for the average male with a total body surface area of 1.76 m 2 . The water-only condition used tap water. All solutions were stored at room temperature (approximately 20 ˚C) and transferred into the environmental chamber three hours before testing, where they remained until they were applied. The water or menthol/ethanol solutions were measured in a graduated cylinder to 64 mL and poured in a sealed waterproof pouch. Long sleeve breathable shirts were then placed in the sealed pouch and soaked with the intervention-specific liquid until all fluid was absorbed into the fabric. Participants then donned the shirts.
Statistical analyses
Dependent variables were reported in figures every fifth minute as they changed (Δ) from baseline. The area under the curve was calculated 1) as a simple measure to express differences between conditions as the data changed from baseline, 2) to avoid type II error associated with multiple time comparisons between conditions in an experiment with a limited sample size. The area under the curve was calculated for each participant and condition by summing all values obtained after participants donned the shirt i.e. from minute 5 to 60. The area under the curve values were then compared by condition using a one-way repeated measures ANOVA for parametric data or Friedman's ANOVA for nonparametric data. Bonferroni's multiple comparison test was used to follow up the direction of effect.
Mean (SD) values were reported and the alpha level was set at 0.05. All statistical testing was performed using GraphPad Prism version 5.00 for Windows, (GraphPad Software, San Diego California USA). Posthoc power analyses were conducted using G*power software.
Results
Environmental conditions
Environmental temperature and relative humidity (rh) did not differ (p > 0.05) between conditions.
Mean (SD) dry, globe and wet bulb temperatures were 29.5 (0.1) °C, 29.6 (0.1) °C and 26.4 (0.6) °C respectively. Mean (SD) relative humidity was 68.5 (0.5) %.
Exercise intensity
During the first resting period, the overall group mean (SD) HR remained at 76.9 (10.4) beats · min Median (range) RPE in CON, W and M/E averaged over the stepping phase were 8 (7 to 13), 8 (7 to 12) and 8 (6 to 16), respectively. warm' throughout the entire experiment (Fig 4a) .
Insert Fig. 4 . around here No significant differences were observed in whole body thermal comfort during rest and exercise between conditions. Thermal comfort remained between 'just comfortable' and 'comfortable' between conditions throughout the entire experiment (data not shown).
Discussion
A combined menthol, ethanol and water-soaked shirt was compared to a water-only soaked shirt and a dry shirt during exercise in warm, humid conditions to identify which intervention provided the greatest improvements in evaporative cooling and thermal perceptions.
The combination of stepping exercise and heat stress used in this study was sufficient to induce a light to moderate cardiovascular and thermoregulatory challenge. During exercise, M/E showed a greater increase in T re and a lower skin temperature compared to CON. The inverse relationship between skin and deep body temperature in the M/E condition was most likely mediated by menthol and ethanol (Gillis et al., 2010; Gillis et al., 2015) . The M/E condition contained 16.8 mg of menthol (0.2 % of 80 mL), this equated to 1.6 mg · 100 cm -2 of menthol spread over the upper body. Gillis et al., (2010) observed a similar heat storage response with 2.1 mg · 100 cm -2 of menthol covering the same surface area, but not with 0.5 mg · 100 cm -2 of menthol. Indeed, a number of studies have reported a similar heat storage response, most probably mediated by cutaneous vasoconstriction and a withdrawal of sudomotor function, after applying menthol to heat stressed humans in doses larger than that used herein, and covering greater surface areas (Gillis et al., 2010; Kounalakis et al., 2010; Lee et al., 2012) .
Although a menthol-mediated reduction in skin blood flow may contribute to a lower skin temperature, the rapid reduction in skin temperature observed in the M/E condition was most probably due to the action of ethanol. An 80 mL solution composed of 20 % ethanol (16 mL), 80 % water (64 mL), and menthol has the potential to remove 171.5 kilojoules (kJ) of thermal energy from the skin as it evaporates (14.7 kJ from ethanol and 156.8 kJ from water). Alternatively, 80 mL of water will remove 196.6 kJ, or 25 kJ more thermal energy than the 20 % ethanol + water solution. The ethanol component of the solution will evaporate more quickly than the water, and herein lays the enhanced cooling potential of the 20 % ethanol solution. Specifically, at an ambient temperature of 21 °C and 60 % rh, one gram of ethanol will store 920 joules of thermal energy and evaporate in just above five minutes (Godts et al., 2005) . One gram of water, however, stores 2,450 joules, but takes 30 minutes to evaporate completely in the same environmental conditions (Godts et al., 2005) .
Although ethanol appeared to cool the skin more than water alone or no skin wetting in the minutes immediately after application, its influence appeared to wear-off, such that by the 35 th minute there was no visible difference in skin temperatures between M/E and W at the back and chest, suggesting that this period was too long to maximise the evaporative cooling potential of the ethanol-based solution.
Although these findings suggest that the optimum application frequency of a similar ethanol-based solution would be every 20-minutes to 30-minutes, these data also indicate that water, which lowered the rate of rise in T re compared to CON and M/E, provides comparable evaporative cooling to ethanol beyond 30-minutes. These findings are in contrast to Bassett et al., (1987) , who employed 120-minutes of treadmill running in similar conditions (29 °C, 66 % rh), and examined the physiological responses to repeated skin wetting (50 mL water spraying every 10-minutes). They found that although water spraying lowered skin temperature compared to a no-spray condition, it did not influence deep body temperature. As the intensity of exercise was greater in the study by Bassett et al., (1987) ), sweat production likely differed; hence, the evaporative potential of the water application was perhaps greater than in the study by Bassett et al., (1987) . Notably, wetting the skin of treadmill runners already sweating (1 L · h -1 ; Bassett et al., 1987) is perhaps inefficient because any additional water will drip-off before it stores enough thermal energy to evaporate. Incidentally, each bead of dripped water will absorb some thermal energy as it runs off, which perhaps explains why Bassett et al., (1987) observed lower skin temperatures. It seems that water spraying has the potential to enhance evaporative skin cooling when it is used on participants possessing a comparably low level of sweat production; or more generally, during lower intensity exercise, or in dry, hot or windy conditions. This is not to say that additional skin wetting would fail to enhance evaporative heat loss, it only means that some of the water and sweat will drip from the body without evaporating. It is not clear whether an ethanol-based solution will improve evaporative heat loss when used after participants have reached a plateau in sweat production.
That participants felt cooler in M/E compared to CON and W after the ethanol had evaporated suggests this effect was attributable to menthol. This assertion that is not new (Barwood et al., 2012; 2014; Gillis et al., 2010 , Gillis et al., 2015 Lee et al., 2012; Watson et al., 1978; Green, 1992; Yosipovitch et al., 1996; Wasner et al., 2004; Namer et al., 2005; Green & Schoen, 2007) , and likely results from mentholmediated activation of the cold receptor TRPM8 located in the terminals of sensory afferent neurons (McKemy et al., 2002; Peier et al., 2002) . It is also noteworthy that although participants in the menthol and ethanol condition felt coolest, they also experienced the greatest heat storage response. Further investigation is required to explore the possible disassociation between perceived and actual body temperature as mediated by menthol. In any case, cool sensations in the M/E condition appeared to subside within 30-minutes, coinciding with the end of exercise and the evaporation of ethanol. But as a result, it is not clear whether the decay in thermal sensation over time follows from an habituation (Gillis et al., 2015) , absorption of menthol in the skin and its clearance into the blood (Martin et al., 2004) , or whether other factors interact to quicken its diminishment, such as the elevation in body temperature with exercise, or the subsequent increase in RPE.
Thermal comfort did not improve with thermal sensation. As exercise followed skin wetting in this study, TC may not have improved as a result of increasing perception of effort, or perhaps an elevation in deep body temperature accompanying exercise. It is interesting to note that the ethanol-mediated reduction in skin temperature and the menthol-mediated improvement in TS were not enough to sway TC in either direction. Furthermore, it is difficult to isolate factors that may have influenced TC in this study. Schlader et al., (2009) highlighted the importance of skin temperature in thermal comfort. Yet in the present study, cooling the skin caused no change in TC. Perhaps the skin was cooled too quickly, and when combined with the added perceptual cooling influence of menthol, contributed to a negative allesthesial response (Cabanac, 1972) . Frank et al., (1999) meanwhile, have suggested that both deep body and skin temperature contribute equally, and individually, to TC. In this view, the increase in T re observed during exercise would be expected to lower comfort, whilst the ethanol-mediated reduction in skin temperature should have enhanced it. The conflicting signals, when integrated in the somatosensory cortex, may have balanced, giving rise to the observation of no change in comfort.
Similarly, Flouris and Cheung (2009) suggested that mean body temperature, combining deep body and skin temperature, likely drives TC: and although mean body temperature was not calculated in the present study, it probably would not have changed, as the menthol-mediated elevation in T re would have been balanced by the ethanol induced reduction in skin temperature. Given that TC also did not change in this study, this lends some support to the notion that mean body temperature was an important modulator of TC.
Anecdotally, some participants described feelings of irritation after menthol and ethanol skin wetting; so it is possible that the sensation of irritation prevented a clear improvement in TC. Up to 50 % of primary neurons that respond to cold and menthol also have the noxious heat receptor TRPV1 (McKemy et al., 2002); and Green (2004) has suggested that some of the neurons that have TRPM8 receptors may also project in the nociceptive pathway rather than, or along with the cold pathway. Alternatively, an increase in skin wettedness has been shown to reduce comfort (Fukazawa & Havenith, 2009) , and wetting the upper body of participants may have thereby prevented an overall improvement in comfort.
Lastly, menthol and ethanol skin wetting may have induced sensations that were 'too cold' (i.e. negative allesthesia); indeed, a warm stimulus is not always considered comfortable, nor is a cold stimulus always uncomfortable (Cabanac, 1972) . That TC was not negatively altered following menthol and ethanol skin wetting raises the possibility of using a water-based menthol solution to improve thermal perceptions during exercise in the heat.
The methodology employed in this experiment may limit the generalizability of the findings. The combination of stepping exercise and heat stress used in this study was sufficient to induce a mild cardiovascular and thermoregulatory challenge, but it is not clear whether a similar response would be observed in more stressful situations. Moreover, the low intensity exercise protocol contributed to a low metabolic cost of work, which may have lessened the chances of observing a difference amongst conditions. As the menthol/ethanol intervention was targeted towards the upper body only, lower body skin temperature measurements were not obtained as they are less sensitive to detecting changes between conditions. Resultantly, calculations for mean skin and mean body temperature were not performed, which may hinder comparison with other research. Future work in this area may aim to assess sweat rate in order to separate the thermoregulatory influence of sweating versus evaporation of ethanol and/or water alone. Finally, although the difference in deep body temperature between conditions is perhaps more statistically than physiologically relevant, and borders the sensitivity of the rectal thermistor itself, it is noteworthy that this elevation was mediated by a small dose of menthol (16.8 mg, 0.2 %) working simultaneously in the presence of ethanol-enhanced skin cooling. This finding, and the research of others (Gillis, House & Tipton, 2010; Kounalakis et al., 2010) , underscores the thermoregulatory potency of the chemical compound menthol, and emphasizes the need for further research assessing its physiological influence in humans.
Post-hoc analysis of effect size and observed power were calculated using G Given these findings, the null hypothesis that T re would not differ between conditions is rejected in favour of the alternative hypothesis that T re is elevated during exercise following menthol/ethanol skin wetting. The null hypothesis that TC and RPE will not change after donning a menthol and ethanol saturated shirt is not rejected. The alternative hypothesis that donning a menthol and ethanol saturated shirt induces cooler sensations than a water saturated or dry shirt is supported.
Conclusions
It is concluded that both M/E and W enhance evaporative cooling compared CON, but M/E causes cooler sensations and a heat storage response, both of which are likely mediated by menthol. Future research might assess the efficacy of an ethanol-only solution on work capacity and performance in participants experiencing compensable and uncompensable heat gain, and possible undesirable implications arising from the menthol-mediated disassociation between actual and perceived body temperature.
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